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Each year, approximately 338 000 patients are newly diagnosed with kidney cancer worldwide.[1](#cas13099-bib-0001){ref-type="ref"} Renal cell carcinoma (RCC) constitutes 85% of kidney cancers and accounts for 3% of adult malignancies.[2](#cas13099-bib-0002){ref-type="ref"} Overall, several targeted drugs have been approved since 2005 for the treatment of advanced RCC and include vascular endothelial growth factor (VEGF) pathway inhibitors and mammalian target of rapamycin (mTOR) inhibitors.[3](#cas13099-bib-0003){ref-type="ref"} Everolimus (EVE) is an mTOR inhibitor that is recommended for patients with metastatic RCC after the failure of anti‐VEGF therapy.[4](#cas13099-bib-0004){ref-type="ref"}, [5](#cas13099-bib-0005){ref-type="ref"} However, despite the development of targeted therapies, most patients develop resistance following an initial response to therapy and eventually die of their disease. Therefore, novel therapeutic approaches are urgently needed to improve the outcomes of RCC patients.

Since RCC is considered an immunogenic tumor, several immunotherapies have been attempted in the past.[6](#cas13099-bib-0006){ref-type="ref"} Currently, immune checkpoint inhibitors have shown considerable potential in the treatment of multiple types of malignancies including RCC.[7](#cas13099-bib-0007){ref-type="ref"}, [8](#cas13099-bib-0008){ref-type="ref"}, [9](#cas13099-bib-0009){ref-type="ref"} Programmed death‐ligand 1 (PD‐L1) is a key immune checkpoint molecule belonging to the B7 family and can facilitate immune evasion and T cell exhaustion.[10](#cas13099-bib-0010){ref-type="ref"} PD‐L1 is expressed in wide variety of solid tumors and negatively regulates T‐cell signaling through binding to its receptor, programmed death‐1 (PD‐1), on tumor‐specific T cells. As a result, increased PD‐L1 expression by cancer cells is a fundamental host immune escape mechanism.[11](#cas13099-bib-0011){ref-type="ref"}, [12](#cas13099-bib-0012){ref-type="ref"} The importance of the immune checkpoint PD‐1/PD‐L1 in RCC is reflected by the antitumor activities of anti‐PD‐1/L1 antibody in previously treated RCC patients.[13](#cas13099-bib-0013){ref-type="ref"}, [14](#cas13099-bib-0014){ref-type="ref"}

However, many issues remain to be resolved: clinicians are now faced with questions about the optimal combination of the current treatments with anti‐PD‐1/PD‐L1 antibodies. Recently the combination of anti‐angiogenic therapy with immunotherapy based on the blockade of the PD‐1/PD‐L1 axis has been evaluated in clinical trials to assess the safety, tolerability, and benefit in advanced RCC patients (NCT02231749, NCT01633970).[6](#cas13099-bib-0006){ref-type="ref"} Currently, there are no studies that are examining the combination of an mTOR inhibitor with anti‐PD‐1/PD‐L1 on RCC patients.

Although PD‐L1 has been reported to be overexpressed in several human malignancies and links to poor prognosis and resistance to anticancer therapies in RCC,[15](#cas13099-bib-0015){ref-type="ref"}, [16](#cas13099-bib-0016){ref-type="ref"}, [17](#cas13099-bib-0017){ref-type="ref"} the precise mechanism of PD‐L1 expression remains unclear. It has been shown that interferons and cytokines are potent upregulators of PD‐L1 expression.[7](#cas13099-bib-0007){ref-type="ref"}, [18](#cas13099-bib-0018){ref-type="ref"} In addition, anticancer therapy such as chemotherapy and radiotherapy can induce PD‐L1 expression in bladder cancer and RCC.[19](#cas13099-bib-0019){ref-type="ref"}, [20](#cas13099-bib-0020){ref-type="ref"} However, the effects of mTOR inhibition on the tumor immune microenvironment and PD‐L1 expression in RCC are unclear. Thus, the effect of an mTOR inhibitor on tumor PD‐L1 expression and PD‐1/PD‐L1 blockade should be evaluated to determine if an mTOR inhibitor can be used in combination with immune checkpoint inhibition for RCC treatment.

Herein we evaluated the therapeutic efficacy of the combination of the mTOR inhibitor EVE and anti‐PD‐L1 using an immunocompetent mouse model. We also evaluated the correlation between PD‐L1 expression and EVE treatment that might provide new insights into the development of immune‐based therapy in RCCs.

Materials and Methods {#cas13099-sec-0002}
=====================

Cell lines and reagents {#cas13099-sec-0003}
-----------------------

The human RCC cell line 786‐O and mouse RCC cell line RENCA were obtained from American Type Culture Collection (Rockville, MD, USA). Both cell lines were cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 100 IU/mL penicillin, and 100 μg/mL streptomycin. They were grown in a humidified incubator with 5% CO~2~ at 37°C. EVE and MK2206 were purchased from Selleck (San Diego, CA, USA). Rapamycin and LY294002 were purchased from Calbiochem (LaJolla, CA, USA). Anti‐mouse PD‐L1 (clone 10F.9G2) and IgG isotype control (clone LTF‐2) were purchased from Bio‐XCell (West Lebanon, NH, USA).

Flow cytometry {#cas13099-sec-0004}
--------------

To assess cell surface PD‐L1 expression, cells were harvested and stained with PE‐conjugated anti‐mouse PD‐L1 antibody or mouse IgG isotype control antibody (eBiosceience, San Diego, CA, USA). After incubation for 30 min at 4°C, cells were washed with FCM buffer and the mean fluorescence intensity (MFI) of PD‐L1 was analyzed using a MoFlo XDP and Summit software (Beckman Coulter, Brea, CA, USA). To obtain single‐cell suspensions from xenografted tumors, tumor tissues were digested with 1 mg/mL collagenase/dispase (Sigma‐Aldrich, St Louis, MO, USA) for 45 min at 37°C and red blood cells were removed using PharmLyse (BD Biosciences, Franklin Lakes, NJ, USA). Cells were co‐stained with APC‐conjugated anti‐mouse CD45 antibody (Miltenyli Biotech, Bergisch Gladbach, Germany) and PE‐conjugated anti‐mouse‐PD‐L1 antibody and analyzed for the CD45^−^ cell fraction.

Quantitative real time‐PCR {#cas13099-sec-0005}
--------------------------

RNA was extracted with Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocol. Reverse transcription reactions were conducted using Advantage RT‐for‐PCR kit (Takara Bio, Tokyo, Japan). The cDNA was amplified using TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA) with the Applied Biosystems 7500 Fast real‐time PCR machine (Applied Biosystems) and predeveloped TaqMan assay primers and probes (human CD274, Hs00234244_m1; mouse CD274, Mm00452054_m1; all from Applied Biosystems). Data were normalized to 18s gene expression.

Western blot analysis {#cas13099-sec-0006}
---------------------

Protein was extracted with lysis buffer, a mixture of RIPA buffer \[Cell Signaling Technology (CST), Danvers, MA, USA\] and protease inhibitor cocktails (Sigma‐Aldrich). The amount of protein was determined using a BCA protein assay kit (Pierce, Rockford, IL, USA). Equal amounts of denatured proteins were separated by electrophoresis on sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE) gels and transferred to a polyvinylidene fluoride (PVDF) membrane and blocked with 2% bovine serum albumin (BSA) in tris buffered saline (TBS) containing 0.1% Tween‐20. The membranes were probed with the following primary antibodies: anti‐S6 (\#2708) diluted 1:1000, anti‐phosoho‐S6 (\#4858) diluted 1:1000, anti‐AKT (\#9272) diluted 1:1000, anti‐phospho‐AKT (\#4056) (CST) diluted 1:1000, and anti‐β‐actin (Merck Millipore, Billerica, MA, USA) diluted 1:1000, and subsequently incubated with horse radish peroxidase (HRP)‐conjugated secondary antibody (Santa Cruz Biotechnology, Dallas, TX, USA). To detect reactive bands, the membranes were examined using the ECL Prime Western Blotting Detection System (GE Healthcare, Amersham, UK) and LAS‐3000 (Fujifilm, Tokyo, Japan).

Proliferation assay {#cas13099-sec-0007}
-------------------

Cells were seeded onto 96‐well plates (RENCA 10 000 cells per well, 786‐O 2500 cells per well) and allowed to attach overnight. After 48 h of vehicle or drug treatment, cell proliferation assays were performed using Cell Counting Kit‐8 (DOJINDO, Tokyo, Japan) according to the manufacturer\'s instructions. Absorbance was measured with a microplate reader (Bio‐Rad, Tokyo, Japan) at 450 nm.

Animal studies {#cas13099-sec-0008}
--------------

The animal experiment protocols were approved by The Laboratory Animal Center of Osaka City University Graduate School of Medicine, which is accredited by the Center for the Accreditation of Laboratory Animal Care and Use (CALAC), Japan Health Sciences Foundation (JHSF). Eight week‐old‐male Balb/c mice were purchased from Japan SLC (Shizuoka, Japan). RENCA cells (5 × 10^6^) were suspended in 50 μL phosphate‐buffered saline (PBS) and an equal volume of Matrigel Growth Factor Reduced (Corning, NY, USA) and subcutaneously injected into the backs of mice. EVE was prepared in 30% propylene glycol and 5% Tween 80 (vehicle). In the study to examine PD‐L1 expression induced by EVE, mice were treated with vehicle or EVE (0.25 mg/kg EVE, every day, p.o.) when the tumors reached approximately 100 mm^3^ in volume. The dose of EVE was selected based on the results of our preliminary study in which 0.25 mg/kg EVE significantly inhibited RENCA xenograft growth. After 7 days of treatment, the mice were killed and the tumors were processed for immunohistochemical (IHC) staining and flow cytometry (FCM) analysis. In the co‐administration study, mice were divided into four groups and treated when the tumors reached approximately 100 mm^3^ in volume as follows: Control group (vehicle and isotype IgG control), EVE group (0.25 mg/kg EVE, five times a week, p.o.), anti‐PD‐L1 group (200 μg anti‐PD‐L1/mouse, twice a week, i.p.), and combination treatment group (concurrent treatment with EVE and anti‐PD‐L1). Body weight and tumor volume were measured twice a week. The tumor volume was calculated using the empirical formula *V* = 1/2 × \[(shortest diameter)^2^ × (the longest diameter)\]. After 2 weeks of treatment, the mice were killed and the tumors were weighed and processed for IHC analysis.

Immunohistochemical studies {#cas13099-sec-0009}
---------------------------

Immunohistochemistry was performed in formalin fixed paraffin embedded (FFPE) sections and OCT‐embedded frozen tissue sections. FFPE RENCA tumor sections were cut (3 μm) and deparaffinized in xylene and rehydrated in a graded series of alcohol and distilled water. Endogenous peroxidase was blocked with 3% hydrogen peroxide in distilled water for 5 min. Non‐specific binding was blocked with normal horse serum at 37°C for 30 min. Sections were then incubated with pS6 (\#4858, CST) diluted 1:500, p4EBP‐1 (\#2855, CST) diluted 1:1000, Granzyme B (ab4059, Abcam, Cambridge, MA, USA) diluted in 1:100, Foxp3 diluted in 1:500 (ab20034, Abcam), or Ki67 (ab16667, Abcam) diluted 1:500. Detection was completed using the VETASTAIN ABC Kit (Vector Laboratories, Burlingame, CA, USA) according to the manufacturer\'s instructions. Frozen sections were cut (5 μm) and fixed by formalin for 2 min. The sections were blocked with normal horse serum and incubated with primary antibody as follows: anti‐PD‐L1 (eBioscience, San Diego, CA, USA) diluted 1:500, cleaved caspase 3 (\#9664, CST) diluted in 1:1000, anti‐CD3 (Abcam) diluted 1:500, or biotinized anti‐CD8 (eBioscience) diluted 1:200. Immunoreactivity was detected by Alexafluor‐488, Alexafluor‐594, or Alexafluor‐594 streptavidin conjugated second antibodies (Invitrogen). Nuclei were counterstained with DAPI (Vector Laboratories). For TUNEL staining, the ApopTag Fluorescein In Situ Apoptosis Detection Kit (Millipore, Billerica, MA, USA) was used according to the manufacturer\'s instructions. All images were captured using BZ‐X700 (KEYENCE, Osaka, Japan). Ki67, TUNEL, Granzyme B, Foxp3, CD3, and CD8 stains were quantified by counting the number of positive cells.

Statistics {#cas13099-sec-0010}
----------

Statistical analysis was carried out with GraphPad Prism version 5.0 software (GraphPad Software, San Diego, CA, USA). Data are represented as the mean ± SEM for all figure panels in which error bars are shown. Homogeneity of variance was tested by the *F*‐test. The *P*‐values were assessed using two‐tailed Student *t*‐tests when the variance was homogeneous and two‐tailed Welch\'s *t*‐tests when the variance was heterogeneous. *P*‐values \< 0.05 were considered statistically significant.

Results {#cas13099-sec-0011}
=======

EVE induces PD‐L1 surface expression *in vitro* {#cas13099-sec-0012}
-----------------------------------------------

We first assessed the effect of EVE on PD‐L1 surface expression by flow cytometry and on PD‐L1 mRNA level by quantitative real‐time PCR in the human RCC cell line 786‐O and the mouse RCC cell line RENCA. RCC cells were treated with different concentrations of EVE (0, 0.1, 1, 10 100 nM) for 72 h. We found that the surface expression of PD‐L1 was upregulated in both 786‐O and RENCA cells in a dose dependent manner (Fig. [1](#cas13099-fig-0001){ref-type="fig"}a,b). We next treated RCC cells with 10 nM EVE for different times (0, 12, 24, 48, 72 h). We observed a time‐dependent increase in surface PD‐L1 expression in both 786‐O and RENCA cells (Fig. [1](#cas13099-fig-0001){ref-type="fig"}c). This was consistent with the results of PD‐L1 mRNA levels (Fig. [1](#cas13099-fig-0001){ref-type="fig"}d). These results suggest that EVE upregulates PD‐L1 expression in RCC cell lines in a time‐ and dose‐dependent manner. In order to verify whether PD‐L1 expression is correlated with active AKT‐PI3K‐mTOR signaling, we treated RCC cells with inhibitors of PI3K (ly294002), AKT (mk2206), or mTOR (rapamycin). Interestingly, PD‐L1 expression in 786‐O and RENCA cells was upregulated by rapamycin in a dose‐ and time‐dependent manner, but not by mk2206 or ly294002 (Fig. S1). Therefore, PD‐L1 expression was specifically elevated by an mTOR inhibitor. These results suggest the existence of upregulators of PD‐L1 in genes responding to the inhibition of mTOR, but not in those responding to the inhibition of PI3K or AKT in 786‐O and RENCA cells.

![Everolimus (EVE) induces programmed death‐ligand 1 (PD‐L1) expression in renal cell carcinoma cell lines 786‐O and RENCA. (a) Representative histogram of PD‐L1 expression in 786‐O and RENCA cells. (b) After 786‐O and RENCA cells were treated with EVE (0, 0.1, 1.0, 10, 100 nM) for 72 h, PD‐L1 expression was analyzed by flow cytometry (FCM). MFI, mean fluorescence intensity. (c) After 786‐O and RENCA cells were treated with EVE (10 nM) for 0--72 h, PD‐L1 expression was analyzed by FCM. (d) PD‐L1 mRNA in 786‐O and RENCA cells treated with EVE (10 nM) for 72 h was measured and normalized to 18s. \**P \<* 0.05; \*\**P \<* 0.01; \*\*\**P \<* 0.001.](CAS-107-1736-g001){#cas13099-fig-0001}

*In vitro* EVE but not anti‐PD‐L1 inhibits tumor cell proliferation {#cas13099-sec-0013}
-------------------------------------------------------------------

To investigate the effect on RCC cell proliferation *in vitro*, we treated RENCA cells with different concentrations of EVE (0, 0.1, 1, 10 100 nM) for 48 and 72 h or anti‐PD‐L1 (0, 0.1, 1, 10 100 μg/mL) for 48 h or with 10 nM EVE for different times (0, 24, 48, 72 h). As expected, EVE at 1 nM and above suppressed S6 phosphorylation and cell proliferation in a dose‐dependent manner (Fig. [2](#cas13099-fig-0002){ref-type="fig"}a,b). After 72 h incubation with EVE, there was no recovery of mTOR activation or feedback activation of AKT. In contrast to EVE, anti‐PD‐L1 alone did not inhibit tumor cell proliferation (Fig. [2](#cas13099-fig-0002){ref-type="fig"}c), and in combination with 1 nM EVE (Fig. [2](#cas13099-fig-0002){ref-type="fig"}d) anti‐PD‐L1 did not enhance the effect of EVE.

![Everolimus (EVE) inhibits the mTOR pathway and tumor cell proliferation *in vitro*. (a) Effect of EVE on the mTOR pathway in RENCA cells was determined by western blot analysis. Cells were treated with EVE (0, 0.1, 1.0, 10, 100 nM) for 72 h or EVE (10 nM) for 0--72 h. (b--d) RENCA cells were treated with EVE (0, 0.1, 1.0, 10, 100 nM), anti‐PD‐L1 (0, 0.1, 1.0, 10, 100 μg/mL), or the combination of EVE (1 nM) and anti‐PD‐L1 (10 μg/mL). After 48 h incubation, cell growth was evaluated by the WST‐8 assay. \**P \<* 0.001.](CAS-107-1736-g002){#cas13099-fig-0002}

EVE induces PD‐L1 expression of tumor cells in an immunocompetent RENCA tumor‐bearing mouse model {#cas13099-sec-0014}
-------------------------------------------------------------------------------------------------

An *in vivo* study was conducted to evaluate the anti‐tumor effect of EVE and determine the optimum dose for evaluating antitumor effects of co‐administration of EVE and anit‐PD‐L1. We treated RENCA tumor‐bearing mice with different doses of EVE (0.25--1.0 mg/kg per day) for 18 days. EVE inhibited tumor growth at doses of 0.25 mg/kg per day and above in a dose‐dependent manner (Fig. S2). To investigate whether EVE induces PD‐L1 upregulation in the tumor microenvironment, we treated RENCA tumors with vehicle or 0.25 mg/kg per day EVE for 7 days and removed tumor tissue to conduct IHC staining and flow cytometric analysis. Tumors from mice treated with EVE had an increase in PD‐L1 expression compared with tumors from vehicle‐treated mice (Fig. [3](#cas13099-fig-0003){ref-type="fig"}a). FCM analysis confirmed that PD‐L1 expression was increased by EVE in tumor cells in the lymphocyte common antigen CD45^−^ fraction (Fig. [3](#cas13099-fig-0003){ref-type="fig"}b,c). These studies indicate that mTOR inhibition is correlated with increased PD‐L1 expression *in vivo*. Therefore, 0.25 mg/kg EVE was used in the co‐administration study.

![Everolimus (EVE) induces programmed death‐ligand 1 (PD‐L1) expression in RENCA tumors *in vivo*. (a) IHC staining for PD‐L1 in xenografted RENCA tumors treated with vehicle or 0.25 mg/kg per day EVE for 7 days (*n =* 3). (b) Representative histogram of PD‐L1 expression in xenografted RENCA tumors. (c) PD‐L1 expression by CD45^−^ tumor cells in xenografted RENCA tumors was analyzed by flow cytometry (FCM). (*n =* 3) \**P \<* 0.01. (Scale bar = 100 μM).](CAS-107-1736-g003){#cas13099-fig-0003}

The combination of everolimus and anti‐PD‐L1 antibody decreases RENCA tumor growth {#cas13099-sec-0015}
----------------------------------------------------------------------------------

We next aimed to evaluate the efficacy of combining EVE and anti‐PD‐L1 using xenografted tumors in immunocompetent mice. Mice were assigned to one of four groups (control, EVE, anti‐PD‐L1, or a combination of EVE and anti‐PD‐L1) and treated for 14 days (Fig. [4](#cas13099-fig-0004){ref-type="fig"}a). Mice treated with a combination of EVE and anti‐PD‐L1 showed a significantly greater body weight, even in the presence of decreased tumor burden, than controls (Fig. [4](#cas13099-fig-0004){ref-type="fig"}b). Decreases in body weight were accompanied by the growth of the xenografted tumors in the control group (Fig. [4](#cas13099-fig-0004){ref-type="fig"}c), possibly due to tumor‐related deleterious effects. The significantly higher final body weights in mice treated with a combination of EVE and anti‐PD‐L1 compared to the controls can be attributed to the inhibitory effects of the combined treatment on the growth of the RENCA tumors. Histological examinations revealed no toxic alterations in the kidney, heart, liver, lung, or spleen in any of the groups (data not shown). EVE alone significantly decreased tumor burden compared to the control, whereas anti‐PD‐L1 alone did not. The combination of EVE and anti‐PD‐L1 significantly decreased tumor burden compared to EVE alone, anti‐PD‐L1 alone, and the control group (Fig. [4](#cas13099-fig-0004){ref-type="fig"}d,e).

![The combination of everolimus (EVE) and anti‐programmed death‐ligand 1 (PD‐L1) antibody suppresses RENCA tumor growth *in vivo*. (a) RENCA cells were injected subcutaneously into Balb/c mice. After tumors reached 100--120 mm^3^, mice were treated with vehicle and IgG, EVE, anti‐PD‐L1, or a combination of EVE and anti‐PD‐L1 for 2 weeks. (*n =* 8) (b) Body weight changes over the duration of the experiment. (c) Xenograft tumor volumes. (d) Images of xenograft tumors at sacrifice. (e) Tumor weights at sacrifice. \**P \<* 0.05; \*\**P \<* 0.01; \*\*\**P \<* 0.001.](CAS-107-1736-g004){#cas13099-fig-0004}

Immunohistochemical analysis of pS6 (Fig. [5](#cas13099-fig-0005){ref-type="fig"}a) and p4EBP1 (Fig. S3a) revealed that EVE and combination therapy reduced mTOR activation in the tumor xenograft, while anti‐PD‐L1 had no effect on the expression level of pS6 and p4EBP1. To elucidate the mechanism of tumor suppression, we examined levels of proliferation and apoptosis. The Ki67 index was significantly decreased in the tumors from both the EVE and the combination of EVE and anti‐PD‐L1 treatment groups compared to the control, but there was no significant difference between tumors from the EVE alone and the combination of EVE and anti‐PD‐L1 treatment groups (Fig. [5](#cas13099-fig-0005){ref-type="fig"}b). However, tumors in mice treated with a combination of EVE and anti‐PD‐L1 showed an increase in apoptosis index compared to tumors from both the control and EVE alone treatment groups in the TUNEL analysis. There was a tendency for the apoptosis index to increase in the tumors of the anti‐PD‐L1 alone treated mice compared to the controls, albeit without statistical significance (Fig. [5](#cas13099-fig-0005){ref-type="fig"}c). Cleaved caspase‐3 was also significantly increased in tumors in mice treated with the combination of EVE and anti‐PD‐L1 compared to the tumors in the control mice (Fig. S3b,c).

![(a) Images in the upper four rows represent Hematoxylin--Eosin and immunohistochemical staining (IHC) staining for pS6, Ki67, and terminal deoxynucleotidyl transferase‐mediated dUTP nick end labeling (TUNEL) in tumors. Images in the bottom row represent IHC staining for CD3 (red), CD8 (green), and 4′6′‐diamidino‐2‐phenylindole dihydrochloride (DAPI) (blue). Cytotoxic T lymphocytes are co‐stained with CD3 and CD8. (b) Quantification of IHC staining for Ki67. (c) Quantification of TUNEL staining. (d) Quantification of IHC staining for CD3^+^ cells and the ratio of CD8^+^ to CD3^+^ cells. Cells that were positive for Ki67, TUNEL,CD3 or CD8 staining were counted from three xenografts per treatment group. \**P \<* 0.05; \*\**P \<* 0.01; \*\*\**P \<* 0.001. (Scale bar = 100 μM).](CAS-107-1736-g005){#cas13099-fig-0005}

Next, to investigate the effect of EVE treatment alone and in combination with anti‐PD‐L1 on tumor infiltrating lymphocytes (TILs) that could contribute to the observed reduction in RENCA tumor growth, tumor tissue was examined for CD3, CD8, Granzyme B, and Foxp3 by immunohistochemistry. Tumors from mice treated with anti‐PD‐L1 had an apparent increase in the number of CD3^+^ TILs and the ratio of cytotoxic CD8^+^ T cells to TILs compared to the control, whereas tumors from mice treated with EVE alone did not. In contrast, combination therapy increased tumor infiltrating CD3^+^ and the ratio of cytotoxic CD8^+^ T cells to TILs compared to tumors from both the control and EVE alone treatment groups (Fig. [5](#cas13099-fig-0005){ref-type="fig"}d). Analysis of Granzyme B (a marker of T cell cytotoxicity) and Foxp3 (a marker of regulatory T cells (Tregs)) showed that the number of Granzyme B^+^ cells and Foxp3^+^ cells were significantly increased in tumors from the combination treatment group but not in the EVE or anti‐PD‐L1 alone groups compared to tumors from the control group (Fig. S4a,b). These results suggest that anti‐PD‐L1 enhanced the anti‐tumor efficacy of EVE through induction of apoptosis and tumor infiltrating cytotoxic CD8^+^ T cells.

Discussion {#cas13099-sec-0016}
==========

Malignant tumors possess mechanisms for evading host immune responses. Although multiple mechanisms contribute to immune system equilibrium, PD‐L1 plays a prominent role in the tumor microenvironment.[21](#cas13099-bib-0021){ref-type="ref"} PD‐L1 is expressed in multiple types of malignancies and is associated with a high malignant grade of tumors, poor prognosis, and resistance to anti‐cancer therapy.[15](#cas13099-bib-0015){ref-type="ref"}, [16](#cas13099-bib-0016){ref-type="ref"}, [17](#cas13099-bib-0017){ref-type="ref"}

Everolimus is an oral mTOR inhibitor, recommended for RCC patients with previously failed anti‐VEGF therapy. mTOR inhibition acts not only as an inhibitor of cell proliferation but also as an immunosuppressive agent. The immunosuppressive properties of mTOR inhibition have been investigated, and expansion of Tregs[22](#cas13099-bib-0022){ref-type="ref"}, [23](#cas13099-bib-0023){ref-type="ref"} and promotion of M2 macrophage polarization[24](#cas13099-bib-0024){ref-type="ref"} have been reported. However, the effects of EVE on PD‐L1 expression in RCC are unclear. To predict the efficacy of and to optimize anti‐PD‐1/PD‐L1 therapy, alone or in combination with an mTOR inhibitor, it is important to understand the impact of mTOR inhibition on PD‐L1 expression in RCC tumors.

Our experiments revealed that the mTOR inhibitor EVE upregulated PD‐L1 expression in RCC cell lines and xenografted tumor tissues. PD‐L1 expression by tumor cells can inhibit T cell activity through its interaction with the PD‐1 receptor expressed by tumor‐specific T cells.[25](#cas13099-bib-0025){ref-type="ref"} These findings suggest that EVE‐induced PD‐L1 upregulation may contribute to tumor escape from immune surveillance and promote tumor development. Thus, we hypothesized that blockade of PD‐L1 treatment could potentially enhance the anti‐tumor effect of EVE, providing full cytotoxicity of host immunity against the tumor.

It has been reported that inhibition of the PD‐1/PD‐L1 axis reduces tumor growth independently of adaptive immunity in melanoma cells.[26](#cas13099-bib-0026){ref-type="ref"} However, our study did not provide evidence of tumor growth suppression by anti‐PD‐L1 *in vitro*. Therefore, we combined EVE with anti‐PD‐L1 to treat murine RENCA RCC in an immunocompetent mouse model. The combination of EVE with anti‐PD‐L1 significantly reduced tumor burden compared with EVE alone. The impediment of tumor growth in those animals treated with the combination of EVE and anti‐PD‐L1 was also associated with an increase in the number of TILs and Granzyme B^+^ cells in the tumors. Furthermore, combination therapy caused an increase of the ratio of cytotoxic CD8^+^ T cells to TILs. Blockade of PD‐L1 is a useful approach for improving antitumor immune responses, increasing the quality and quantity of tumor‐specific CD8^+^ T cells.[27](#cas13099-bib-0027){ref-type="ref"}, [28](#cas13099-bib-0028){ref-type="ref"}, [29](#cas13099-bib-0029){ref-type="ref"} Our results support the premise that tumor infiltrating cytotoxic CD8^+^ T cells induce tumor apoptosis when anti‐PD‐L1 is combined with EVE. High expression of PD‐L1 in the tumor appears to protect the tumor cells from CD8^+^ T cells, leading to aggressive tumor invasion,[30](#cas13099-bib-0030){ref-type="ref"} and the anti‐PD‐1 antibody nivolumab increased tumor infiltrating T cells, including CD8^+^ T cells, in RCC patients.[31](#cas13099-bib-0031){ref-type="ref"} These clinical discoveries support the relevance of the observations in our study to human tumors.

In human RCC, TILs themselves do not denote the efficacy of antitumor immunity, but tumor infiltrating CD8^+^ T cells bearing proliferative activity could reflect effective antitumor immunity.[32](#cas13099-bib-0032){ref-type="ref"}, [33](#cas13099-bib-0033){ref-type="ref"} The cytotoxicity of CD8^+^ T cells against the tumor is influenced by immunosuppressive factors in the local tumor microenvironment, such as cytokines released from innate immune cells, Tregs and myeloid derived suppressor cells, and signaling through immune checkpoint molecules including PD‐1/PD‐L1.[34](#cas13099-bib-0034){ref-type="ref"}, [35](#cas13099-bib-0035){ref-type="ref"} In the present study, EVE‐induced PD‐L1 upregulation within tumors suggest that EVE might prevent effective anti‐tumor immunity. This provides a reasonable explanation for the enhanced antitumor effect of combined EVE and anti‐PD‐L1. Moreover, in our study model, blockade of PD‐L1 alone was not sufficient to inhibit tumor growth despite inducing infiltration of CD8^+^ T cells. Further clinical studies with pre‐ and on‐treatment biopsy samples of RCC tumors are needed to investigate relationships between the tumor immune environment and the antitumor effect of EVE and anti‐PD‐L1.

In addition to our results, previous studies have demonstrated that chemotherapy and radiotherapy can also upregulate PD‐L1 expression in tumor cells,[19](#cas13099-bib-0019){ref-type="ref"}, [20](#cas13099-bib-0020){ref-type="ref"}, [36](#cas13099-bib-0036){ref-type="ref"}, [37](#cas13099-bib-0037){ref-type="ref"} which may contribute to the acquisition of resistance to cancer therapy.[17](#cas13099-bib-0017){ref-type="ref"} Our current findings indicate that blockade of the PD‐1/PD‐L1 axis may provide additional therapeutic benefits when combined with conventional anticancer therapy. In accordance with this reasoning, clinical trials combining anti‐PD‐L1 and current anti‐angiogenic therapy are underway in patients with advanced renal cell carcinoma (NCT02231749, NCT01633970). However, there are no reported studies, either pre‐clinical studies or clinical trials, examining the impact of the combination of an mTOR inhibitor with anti‐PD‐1/L1 therapy on RCC patients. Our study represents the first investigation into the impact of using an mTOR inhibitor in combination with anti‐PD‐L1 antibodies on tumor suppression using an immunocompetent mouse model of renal cell carcinoma.

The mechanism of PD‐L1 expression is an area of active investigation. The regulation of PD‐L1 is complex and depends not only on inflammatory cytokines but also on the status of underlying transcriptional and signaling networks that affect the cell cycle, proliferation, apoptosis, and survival.[18](#cas13099-bib-0018){ref-type="ref"}, [38](#cas13099-bib-0038){ref-type="ref"}, [39](#cas13099-bib-0039){ref-type="ref"}, [40](#cas13099-bib-0040){ref-type="ref"}, [41](#cas13099-bib-0041){ref-type="ref"}, [42](#cas13099-bib-0042){ref-type="ref"} Our study showed that blocking the mTOR pathway inhibits cell proliferation but increases expression of PD‐L1. Further studies are needed to obtain a deeper insight into the molecular mechanisms underlying PD‐L1 upregulation by EVE.

In summary, the present study demonstrated that while EVE increased PD‐L1 expression in RCC cells *in vivo*, a combination of EVE with anti‐PD‐L1 treatment increased tumor infiltrating CD8^+^ T cells and resulted in tumor regression. Additional preclinical data exploring the mechanism of the antitumor effects of EVE and anti‐PD‐L1 in RCC is therefore needed. Our study advances the current understanding of the role of PD‐L1 in RCC, serving as a platform for developing new translatable immunotherapeutic options for the treatment of RCC.
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**Fig. S1.** After 786‐O and RENCA cells were treated with EVE (0, 0.1, 1.0, 10, 100 nM), LY294002 (0, 0.1, 0.5, 2.5, 5.0 μM), or MK2206 (0, 0.1, 1.0, 10, 100 nM) for 72 h, PD‐L1 expression was analyzed by FCM.
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Click here for additional data file.

###### 

**Fig. S2.** (a) RENCA cells were injected subcutaneously into Balb/c mice. After tumors reached 100--120 mm^3^, mice were treated with vehicle or EVE (0.25, 0.5, 1.0 mg/kg) for 18 days.
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Click here for additional data file.

###### 

**Fig. S3.** (a) IHC staining for p4EBP1 in RENCA tumors. (b) IHC staining for cleaved caspase 3 in RENCA tumors. (c) Quantification of IHC staining for cleaved caspase 3.
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Click here for additional data file.

###### 

**Fig. S4.** (a) Images represent IHC staining for Granzyme B and Foxp3 in RENCA tumors. (b) Quantification of IHC staining for Granzyme B^+^ cells. (c) Quantification of IHC staining for Foxp3^+^ cells.
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Click here for additional data file.
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